This paper proposes design steps in obtaining the optimal size of a standalone photovoltaic (PV) system, which is able to meet a predetermined power load requirement. The keys of the system sizing are primarily to satisfy a specific load demand that depends on the power generated from the installed PV system and also to maintain hydrogen storage state of charge. A case study was conducted using Kuala Lumpur's meteorological data and a typical rural area load profile of 2.215 kWh. An economic analysis on the system was performed in order to determine system feasibility. The levelized cost of energy for the proposed system was RM1.98/kWh. However, the results showed that if the same configuration used absorbent glass mat (AGM) battery as the backup power supply, the system cost and levelized cost of energy is lower. Therefore, a sensitivity analysis of the electrolyzer and fuel cell efficiencies towards levelized cost of energy for the proposed system was executed. The result indicates that unless the efficiency of hydrogen storage technologies significantly increases in the future, the system will not be feasible to be implemented in Malaysia.
to a PV system. Besides, it also creates noises when running and pollutes the environment.
Past literature also suggested a hybrid SAPV system coupled with other renewable energies, such as wind. A hybrid SAPV system with wind is highly recommended, since both sources are unlimited and can be installed anywhere (depending on site condition). A proper combination is able to overcome the shortcoming of their intermittency and unpredictable nature. However, an SAPV with wind system still needs to install an additional backup power, such as a battery and a generator, in order to provide more security and increase system reliability.
Recently, hydrogen storage system (HSS) has been receiving a lot of attention as an energy storage due to its regenerative hydrogen feature. Integrating PV with HSS leads to non-polluting and reliable energy sources, insightful environmental benefits, and reducing emissions. The introduction of HSS in the energy mix is one of the big steps to introduce hydrogen economy in a small-scale autonomous power application due to the high cost of energy produced by a conventional SAPV generation system.
In an SAPV system, hydrogen is produced from water by electrolysis process in an electrolyzer, powered by the excess electricity from PV generation. An electrolyzer decomposes water molecules into hydrogen and oxygen. The most common or preferable technologies used for water electrolysis are alkaline and proton exchange membrane electrolyzer (PEME). The advantage of PEME technology is that it has high energy efficiency for each stack (75-88%), whereas an alkaline electrolyzer has lower energy efficiency range (62-74%) [4] . The hydrogen produced is then stored in a hydrogen tank. When the load demand is higher than the generated PV energy, the stored hydrogen and air are fed into a fuel cell (FC) [5, 6] . Fuel cell is widely used to convert pure hydrogen into usable energy. It performs a reverse electrochemical reaction in the electrolyzer, which converts hydrogen and oxygen to produce energy and water. This paper presents an economic analysis of a small-scale SAPV system with HSS for a predefined residential load demand. A case study was conducted using Kuala Lumpur's meteorological data and typical rural area daily load profile of 2.215 kWh. Detail configuration, system sizing, and economic analysis were performed and also discussed. Finally, the levelized cost of energy (LCOE) of the proposed system was determined. The new concept in this contribution introduces the integration of PV with HSS, with prior information, assessment, and extensive sizing steps on each component with respect to the site's local environment (or climate condition). It is important so that it meets the design requirement of the plant installation (load demand). An economic analysis was carried to determine the system feasibility and economically utilize the PV and HSS system [7, 8] .
SYSTEM CONFIGURATION
The proposed configuration for an SAPV system with HSS in Malaysia is shown in Fig. 1 . During daytime, the PV system generates DC power. If a PV array produces higher power than load demand, the surplus power goes to an electrolyzer. The electrolyzer uses the excess power to convert water into hydrogen and oxygen. The hydrogen is stored in a hydrogen tank and oxygen is released into the air. However, during insufficient PV power, FC draws hydrogen from the storage tank and oxygen from the air, and converts both gases into water again to produce more power to serve load demand. Meanwhile, an inverter is used to convert DC power into AC power [9, 10] . 
Solar Energy Resources
Predicting PV accuracy has a great importance in sizing process. This is because the energy generated by a PV system is forecasted from the site's weather data [11] . The average monthly annual irradiation and PSH data for Kuala Lumpur were generated by Meteonorm 6.1 as shown in Table 2 presents the residential load demand in Malaysia's rural area. It is assumed that the daily load remains the same throughout the year [13] . The AC load profile of 2.215 kWh consists of different types of home appliances. 
Load Demand

SYSTEM DESIGN
This section explains the design steps and the calculation needed to determine the required capacity for SAPV components by using amp-hour analysis. The advantage of amp-hour analysis is it considers the actual components' behavior [14] .
Estimation of Load Profile
First, the total daily energy requirement was estimated. All AC equipment including their rated power and the total usage in hours per day was listed. After that, the daily AC load demand, EAC was determined. Additional energy was also considered to cover losses by components' inefficiencies. The estimation of energy losses and total daily energy requirement was calculated by using Equation 1 and 2 (AClosses = 0.35) [14] . The daily system charge requirement, Qreq (Ah) was calculated using Equation 3, where VDCbus is the DC bus voltage.
Sizing of PV Array
In sizing of PV arrays, designers have to estimate site's meteorological data. Sizing calculation by using the lowest monthly PSH (hr), PSHlowest, actually prevents the system to be undersized. The array sizing needs to be aligned with the load demand. Hence, from the value obtained from Equation 3, Qreq (Ah), the system charging current by PV array, Icharge (A) was determined by Equation 4 [14] .
The modules connection was arranged based on the preselect PV model's technical data [15] . Equation 5 was used to determine the number of parallel string, Np, where Imp is the PV current maximum power. Next, series-connected panels in each parallel string, Nmod/strg, were calculated by Equation 6 , where Vmod_rated is the PV rated voltage. Lastly, the total PV modules, Npv were determined by Equation 7 [14] :
Sizing of Proton Exchange Membrane Electrolyzer
The preferable and most common technologies used in water electrolyzers are alkaline and PEME. Commercially available PEME can produce from 400-7,900 kg of hydrogen each year with pressure generation up to 13.8 bar.
Meanwhile, an alkaline electrolyzer produces 2400-71,000 kg of hydrogen over a year. The advantage of PEME technology is it has high energy efficiency for each stack (75-88%) with 5% as the minimum required output flow for a safe operation [4] .
An electrolyzer decomposes water into hydrogen and oxygen by passing electrical current (i.e. DC) between two electrodes separated by an aqueous electrolyte with good ionic conductivity. The reactions take place at the anode and the cathode of an electrolyzer are as follows [16] :
Cathode:
The storage charge capacity required, Qstored was determined by Equation 10 [14, 17] , where Nc is the number of reserved days and DOD is the depth of discharge. Nc was set between 1 and 4 days, and it is recommended that DOD should not be more than 60%. Energy storage consumption, Estoreq is the amount of energy consumed to produce stored hydrogen and was calculated using Equation 11, where Elz is the electrolyzer efficiency and FC is the FC efficiency Elz = 0.88 and FC = 0.6).
Meanwhile, the electrolyzer rated power, PElz is equal to the maximum excess in the PV generation power over the minimum load power, where APV is the PV panel area and PV is the PV panel efficiency [4, 18] .
Sizing of H2 Storage Tank
Hydrogen can be stored in liquid or gas condition. Liquid hydrogen is stored in cryogenic tanks and gaseous hydrogen is stored in either medium or high-pressure cylinders or near atmospheric pressure in metal hydrides. The hydrogen formed by the electrolyzer during each month is calculated by assuming the produced hydrogen is stored completely before it supplies power to the residential load. The amount of hydrogen produced annually is the total excess of PV power transformed into volume, which is expressed in m 3 [18] . 
Sizing of Proton Exchange Membrane Fuel Cell
The reverse reaction occurs in an electrolyzer takes place in FC. Hydrogen in the anode is ionized, releasing electrons and protons. Electrons flow to the cathode through a circuit, producing electric current. Protons diffuse through a polymer electrolyte membrane and react at the cathode with oxygen and electrons to form water. The chemical reactions happened in a proton exchange membrane fuel cell (PEMFC) as below [16] :
The following equation is for FC sizing by considering the maximum AC load power in the household, where MFC is the margin coefficient of FC, PACload is the total AC load power, and inv is the inverter efficiency [18] .
Sizing of Inverter
An inverter is supposed to convert DC supply and fulfill the maximum AC load in a household. Hence, inverter power rating , Pinv was determined using Equation 18 , where 1.25 is an oversized factor [19] .
ECONOMIC ANALYSIS
Economic analysis determines the viability of the proposed system. In this paper, life-cycle cost (LCC) and LCOE were used to analyze the feasibility of the system. LCC is the present value of installation cost, operating and maintenance cost, and replacement cost [20] . Equation 19 presents LCC equation, where Cpv is the solar array cost, Cstorage is the HSS cost, Cinv is the inverter cost, Cinstall is the installation cost, Cinvrep is the present value of inverter replacement, CO&M_20years is the present value of operation and maintenance cost (1% from the initial cost), and Csalvage is the salvage value (20% from the initial cost). All components have 20 years of lifetime, besides the inverter (inverter lifetime = 10 years) [21, 22] . N is the project's period and i is the market rate.
Market interest rate, i was determined using Equation 22 , where i' is the real interest rates. i' was calculated using Equation 23 [23] , where BLB is the base lending rates, and f is the inflation rate [24, 25] .
LCOE (RM/kWh) is the average cost per kWh of electrical energy produced by a PV array [26] . It was calculated by dividing annualized life-cycle cost, LCC1year with the total useful electrical energy generated, EPV, as calculated by the following equations [27] . Table 3 
RESULTS AND DISCUSSION
This section presents the system sizing results, economic analysis for 20 years period, feasibility comparison between SAPV with HSS and SAPV with absorbent glass mat (AGM) battery, and sensitivity analysis of LCOE value for SAPV with HSS towards elz and fc values. 
Sizing Results
Economic Analysis
Comparison with Standalone Photovoltaic/Absorbent Glass Mat Battery System Sizing
The current results were compared with the findings from an SAPV system with AGM battery, which was published in 2014 [28] . Table 6 shows the comparison of the current findings with the published results. From the published literature, the initial cost for the SAPV system with AGM battery was RM39,559.79, the LCC value was RM34,232, the LCC1year was RM3,206.82, and the system's LCOE was RM1.76/kWh.
From the comparison, it can be seen that the initial cost, the LCC, the annual LCC, and the LCOE for SAPV with HSS have higher expenditure compared to the published findings [28] . The LCOE for SAPV with HSS was higher by 12.5%. This is because the initial cost needed for HSS is very high as FC efficiency is quite low (60%). Consequently, bigger HSS capacity is needed to have backup energy similar with an AGM battery during insufficient PV generation.
However, SAPV with AGM battery has a flaw. The AGM battery needs to be replaced every 5 years. Meanwhile, PEME, H2 tank, and PEMFC do not have to be replaced because the lifetime is longer, which is 20 years [18] . Hence, SAPV with HSS could be compatible with SAPV with AGM battery if elz and fc values increase in the future. 
Sensitivity Analysis
The sensitivity of LCOE value for SAPV with HSS depends on elz and fc. The effect of elz and fc values for a range between 0.75 and 1.00, and 0.50 and 1.00 towards system's LCOE was analyzed. The sensitivity analysis is portrayed in Fig. 2 below. 
The graph curve and the equation above can be used as references or benchmarks to find the combination of elz and fc with LCOE value lower than SAPV with AGM battery. The mitigation of elz and fc value is important, so that an SAPV system with HSS can compete with the conventional SAPV system with AGM in the future.
CONCLUSION
A sizing and economic analysis of a small-scale SAPV with HSS was carried out. Based on the economic assessment, it was found that the LCC for the proposed system, the annual LCC, and the LCOE value obtained were RM35,791.61, RM3,645.46, and RM1.98/kWh, respectively.
However, compared to the economic analysis of SAPV with AGM battery from a published literature [28] , the expenditure for the system was lower, where the LCC for the system was RM34,232 and the annual LCC was RM3,206.82. The LCOE value for the SAPV system with AGM battery was lower than the proposed system by 12.5%, which was RM1.76/kWh. It can be seen that even though hydrogen has high energy density per mass, it has low efficiency LCOE = RM 1.74/kWh LCOE = RM 1.76/KWh as a storage system and expensive. Due to the low efficiency storage, designers need to store hydrogen storage's energy capacity higher than the AGM battery. However, as an emerging commercialize product, the manufacturers and researchers can focus on how to increase storage system efficiency for future usage. The HSS round-up trip efficiency must improve dramatically before they can offer the same overall energy efficiency as batteries.
Therefore, a sensitivity analysis was performed to find a reference or benchmark value of an electrolyzer and FC efficiencies with the LCOE value lower than SAPV with AGM battery. In order to obtain the LCOE lower than SAPV with AGM battery, a curve and an equation were developed to present the relation between elz and fc for a predefined LCOE value (RM1.76/kWh). This finding is crucial to envisage the applicability of SAPV with HSS for future power generation in Malaysia.
